ABSTRACT Observations at regular intervals of the location of newly hatched grape root borer, Vitacea polistiformis (Harris), larvae moving freely within circular petri dish bioassays were used to measure and compare their response to dry Þlter paper discs treated with ethanol-or hexane-based extracts of roots from known and potential Vitaceae hosts and a nonhost. Larvae responded most strongly to discs treated with ethanol extracts, suggesting the presence of behaviorally active, polar compounds associated with roots. In single extract bioassays comparing extract versus solvent treated discs, larvae responded positively to ethanol extracts from all Vitis species and rootstocks and Virginia creeper [Parthenocissus quinquefolia (L.) Planch.], but not to apple (Malus domestica Borkh). Paired extract bioassays, in which an extract from the commercially important 3309 rootstock was used as the standard and presented simultaneously with extracts from other root sources, revealed examples of equal, signiÞcantly weaker and signiÞcantly stronger responses to the 3309 extract. Extracts of the 420 A and V. riparia ÔGloireÕ rootstocks appeared to possess qualities that elicited a consistently greater response than to 3309 extract in these pair-wise comparisons. The active compounds were eluted in ethanol during a 30-min extraction; larvae responded equally to 30-and 60-min 3309 root extracts in paired extract bioassays. Larvae responded equally to extracts of 3309 roots from three spatially separate vineyards in northern Virginia. These results are discussed in relation to the subterranean, plant-insect interactions of grape root borer neonates with the numerous native and non-native Vitis species that may serve as hosts in the eastern United States.
The grape root borer, Vitacea polistiformis (Harris), is an endemic pest of grape, Vitis sp., in portions of the eastern United States and has been particularly troublesome in the mid-Atlantic and southeastern states (Brooks 1907 , Pollet 1975 , All and Dutcher 1978 , Adlerz and Hopkins 1981 . Considered oligophagous on members of the Vitaceae, it is common where wild grape occurs (Snow et al. 1991 , Bergh 2006 and in commercial vineyards (Bergh et al. 2005, Weihman and Liburd 2007) , posing a signiÞcant, ongoing risk to the expanding eastern wine grape industry.
As its common name implies, larval grape root borer feed in the interior of grape roots. Typically progressing from smaller, distal to larger lateral roots, their feeding creates channels of increasing circumference that often terminate at or near the vine crown. This injury can impair vine vigor and productivity and cause or contribute to plant death, especially when feeding at the crown results in partial or complete girdling All 1979a, All et al. 1987) .
Unlike females of many sesiid species, which oviposit selectively on or near speciÞc host plant tissues that their progeny can access and use quickly (Gentry and Wells 1982 , Koehler et al. 1983 , Johnson 1993 , Leskey and Bergh 2005 , grape root borer females deposit loosely attached, easily dislodged eggs to vine leaves and wood, and commonly on weeds within vine rows (Brooks 1907, Dutcher and All 1979b) . This comparatively indiscriminate oviposition site selection behavior may be due largely to the subterranean location of larval food; the tiny neonates must burrow down through the soil to Þnd and establish on grape roots.
Evidence from other root-feeding insects indicates that primary and secondary plant metabolites, associated with roots can facilitate resource location or recognition or stimulate feeding Coaker 1978, Brown and Gange 1990) . Various studies have demonstrated that chemical cues from intact roots (Sutherland 1972 , Wolfson 1987 ; solvent-based root extracts (Kamm and Buttery 1984 , Hibbard et al. 1994 , Bernklau and Bjostad 2008 , Bernklau et al. 2009 ); or root volatiles (Ryan and Guerin 1982 , Hibbard and Bjostad 1988 , Nottingham et al. 1989b ) can elicit pos-itive behavioral responses and choices by soil-dwelling herbivorous insects. Early studies demonstrated orientation to CO 2 produced by respiring roots, whereas more recent research has revealed behavioral responses to secondary plant metabolites (Brown and Gange 1990) . It has been postulated that polyphagous root-feeding species mainly use primary metabolites, such as CO 2 and sugars, for food location and recognition whereas mono-and oligophagous species rely more on host-speciÞc, secondary metabolites Coaker 1978, Brown and Gange 1990) . Hibbard and Bjostad (1988) categorized the compounds that might evoke an oriented response by insects moving through the rhizosphere into those that are volatile and diffuse in the soil atmosphere and those that diffuse in aqueous solution.
Grape root borer neonate perception of chemical cues associated with roots could facilitate host recognition and acceptance over short distances or upon contact or potentially elicit oriented movement through the soil over a relatively longer range. Plausible support for this hypothesis arises from a consideration of the following aspects of grape root borer biology. Egg placement by female moths does not assure their progeny access to food. Compared with the rhizosphere in a managed vineyard, the subterranean habitat of larvae in their native environment is potentially much more complex, containing comingled roots of wild grape and nonhost species. Finally, their oligophagous habit on Vitaceae leads to a reasonable assumption of a highly coevolved ecological relationship with grape, as has been proposed for another native pest of grape in eastern North America, grape phylloxera, Daktulosphaira vitifolii (Fitch) (Wapshere and Helm 1987) .
Despite the increasing economic signiÞcance of grape root borer in eastern vineyards, efforts to understand its interactions with Vitaceae have been limited to post hoc assessments of its survival on muscadine grape varieties and some rootstocks (Wylie 1969 , Adlerz and Hopkins 1981 , Webb and Mortensen 1990 . Much remains unknown about the ecology and behavior of larval grape root borer and the biotic and abiotic variables that inßuence its abundance and distribution in native habitats and vineyards. Examination of factors associated with host Þnding by neonates and the relative suitability and susceptibility of native and cultivated Vitis species and rootstocks will be important to developing a comprehensive understanding of the relationships that inßuence its risk to commercial plantings. As a Þrst step toward addressing some of these questions, this report presents results from laboratory bioassays in which the responses of neonate grape root borer to extracts from roots of a number of Vitaceae species and rootstocks were examined.
Materials and Methods
Insects. Virgin female grape root borer moths were collected from infested, potted vines (North Carolina) and from commercial and experimental vine- To apportion larval emergence over time, eggs from each shipment or collection were divided among small (50 by 9 mm), tight-locking petri dishes (Falcon 35Ð 1006, Becton Dickinson and Co., Franklin Lakes, NJ). Some eggs were allowed uninterrupted development by exposing them to natural daylight on a laboratory bench and the rest were held in a controlled environment chamber (Percival I-36LL, Percival ScientiÞc, Perry, IA) at constant 15ЊC and a photoperiod of 14:10 (L:D) h. Bergh (unpublished data) showed no adverse effects on larval emergence when eggs were held under these conditions for up to 21 d. Larvae used in bioassays ranged from Ͻ1-to Ϸ2-h-old and only those that crawled actively and appeared healthy were selected.
Root Collections and Extract Preparation. Roots from the different plants evaluated were collected between late July and early September 2006, coinciding with the period of eclosion and movement of grape root borer neonates to roots in Virginia. Roots from members of the Vitaceae family were collected from vines growing in vineyards or in their native habitat, whereas apple roots were from potted plants on the M.26 rootstock. Soil was carefully excavated from around the base of several vines (Ϸ0.5Ð1.0 m radius from the trunk) of each type and the smaller roots exposed were pruned, gently shaken to remove any soil adhering to them, and then held in a covered plastic box containing damp paper towel. Apple trees were removed from their pots and roots were pruned and treated identically to those from vines. In the laboratory, two 5-g samples of 2-to 3-cm-long sections of small roots (Ϸ1.0 Ð2.5 mm in diameter), were pruned from each root collection and placed in 125-ml-wide-mouth amber glass jars with Teßon-lined caps (DuPont, Wilmington, DE) . One root sample from each plant type was extracted for 30 min in 50 ml of 95% histological grade ethanol or HPLC grade hexane. Each sample was Þltered through Whatman No. 1 Þlter paper (GE Healthcare Life Sciences, Piscataway, NJ) in glass funnels into 60-ml amber glass jars with Teßon lined caps. Subsequently, a 5-g sample of 3309 roots from the same vines was extracted for 60 min in 50 ml ethanol. All extract solutions were stored in a freezer before being concentrated to Ϸ2 ml in a Buchi RE 111 Rotavapor evaporator (BUCHI Labortechnik AG, Flawil, Switzerland) by using a water bath at Ϸ35ЊC at the USDA-ARS Invasive Insect Biocontrol and Behavior Laboratory, Beltsville, MD. Concentrated extracts were stored in the freezer in small, clear glass vials with Teßon lined screw caps.
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Bioassay. Treatments were presented to larvae in clear, 50-by 9-mm plastic petri dishes with tightlocking lids (Falcon 35Ð1006, Becton Dickinson and Co., Franklin Lakes, NJ). The outer surface of the bottom of each dish was divided into quadrants by etching with a razor blade. Whatman No. 1 Þlter paper discs (1.5 cm in diameter) were placed individually in small watch glasses in a fume hood. The discs were treated with 50 l of concentrated root extract solution or the corresponding solvent (ethanol or hexane), air dried for 15 min, and then centered and afÞxed in opposing quadrants using small pieces of clear, double-sided tape. The discs covered Ϸ43% of the surface of the quadrants in which they were placed. In single extract bioassays, larvae were presented simultaneously with one extract treated and one solvent treated disc, whereas paired extract assays involved simultaneous presentation of two different extracts.
Using a wet, Þne-tipped paint brush, Þve larvae were transferred to the center of each dish, at the intersection of the lines marking the quadrants, and the lid was placed on each. All replicates of dishes for each extract evaluated on a given day were placed in a covered, opaque plastic box (5.7 liter; 32 cm long by 17 cm wide by 10.2 cm deep) lined with damp paper towel within a dark drawer in a laboratory bench. At 30-min intervals for 2 h, the dishes were examined using a head-mounted magniÞer and the location of each larva was marked on a map of each dish, using black dots for larvae on the upper surface of discs or on the bottom of the dish and red dots for larvae underneath the discs. This typically took less than 5 min to complete at each interval. The following recording rules were employed for all evaluations. Larvae overlying a line delineating a quadrant were recorded as being in the quadrant in which the direction of movement was occurring. Although larvae were rarely observed crawling on the side of the dish or on the lid, those observations were discounted. Occasionally, larvae died or became moribund during the test and observations from those larvae also were discounted. For each replicate, the frequency of larval observations per quadrant was based on combined counts from the four, 30-min sample intervals. Given four observations of Þve larvae per replicate, the maximum number of observations possible per replicate was 20. Replicates in which more than two observations (10%) were discounted because of moribund or dead larvae were excluded from analysis. Air temperature (ЊC) in the room, recorded at each 30-min interval, was 24.7 Ϯ 1.0 SD.
Larval Response to Ethanol and Hexane Root Extracts in Single Extract Bioassays. Our initial selection of root sources followed consultation with viticulturist, T. K. Wolf (Virginia Tech, AHS-AREC), about known and potentially important hosts of grape root borer in Virginia. The 3309 rootstock (V. riparia x V. rupestris) (Wolf 2008 ) was considered our standard because of its historical importance to the eastern wine grape industry. V. cordifolia is a common native grape often occurring close to commercial vineyards, whereas Virginia creeper, Parthenocissus quinquefolia (L.) Planch., is a member of the Vitaceae that is very common in vineyards and where wild grape occurs. Because many male grape root borer were captured in sex pheromone traps deployed in Virginia apple orchards that were adjacent to forest containing wild grapevines (Bergh 2006) , apple roots were used as the nonhost. Single extract bioassays were used to evaluate the response of larvae to discs treated with 30-min ethanol and hexane extracts of roots from these plants, each replicated Þve times over 1Ð2 d.
Larval Response to Ethanol Extracts of 3309 Roots from Different Vineyards in Single Extract Bioassays.
To determine whether larval response was inßuenced by differences in the vineyard from which roots were collected, root samples from vines on the 3309 rootstock were taken from two vineyards in northern Virginia (Linden Vineyards, Fauquier Co. and Glen Manor Vineyards, Warren Co.) and from the AHS-AREC vineyard (Frederick Co.). The samples were extracted for 30 min in 50 ml ethanol, then decanted, Þltered, and concentrated to Ϸ2 ml as described above. Single extract bioassays were replicated Þve times on one day for the AHS-AREC extract and 10 times over 2 d for the extracts from Linden and Glen Manor.
Larval Response to Ethanol and Ethanol Extracts of Roots from Vitaceae Species and Rootstocks in Single
Extract Bioassays. To assess the response of larvae to ethanol residue, discs treated with 50 l of ethanol and dried as described previously were presented with untreated discs, replicated 20 times over 4 d. Root samples from the commercially important grape rootstocks, 101Ð14 (V. riparia x V. rupestris), 420 A (V. riparia x V. berlandieri) and V. riparia ÔGloireÕ Michx., and from V. aestivalis Michx. (ÔNortonÕ), growing in the AHS-AREC vineyard were extracted for 30 min in 50 ml ethanol, then decanted and Þltered and concentrated to Ϸ2 ml as described above. Larval response to these extracts and to 30-min ethanol extracts of 3309 rootstock, Virginia creeper and apple was examined in single extract bioassays, replicated 15 times over 3 d.
Larval Response to Ethanol Extracts in Paired Extract Bioassays. Paired extract assays were used to compare the response to 30-versus 60-min ethanol extracts of 3309 roots, replicated 10 times on one day. A 30-min ethanol extract of 3309 roots was used as the standard in paired extract bioassays comparing it with V. cordifolia (Þve replicates on one day), V. aestivalis (15 replicates over 3 d), V. riparia (15 replicates over 3 d), Virginia creeper (Þve replicates on one day), 420 A (15 replicates over 3 d), and 101Ð14 (15 replicates over 3 d).
Statistical Analysis. Comparisons of larval response between or among treatments that were tested separately in single extract bioassays (e.g., ethanol versus hexane) used the CochranÐMantelÐHaenszel test (Agresti 2002 ) via R software (R version 2.11.1, 2011). This chi-squared contingency table method is most suitable for count data for which the row sums are constrained by Þxed values, as they were for these data (i.e., total counts constrained by a Þnite possible number of larval observations) and also accommodates replicated data. Because two of the four quadrants did not contain a potential stimulus, larval counts for those quadrants were pooled, so that each contingency table contained three columns; extract, solvent, and blank. Comparisons of ethanol versus hexane extracts of roots used a 2x3xR (where R represents the number of replicates) contingency table testing the null hypothesis of no difference in the distribution of larval observations between ethanol-and hexane-based treatments. Comparison of the response to ethanol extracts of 3309 roots from three vineyards used a 3x3xR contingency table testing the null hypothesis of no difference in the distribution of larval observations among root sources.
Data from bioassays that evaluated the response to 1) ethanol treated versus untreated discs, 2) 30-min ethanol extracts in single extract bioassays, 3) 30-versus 60-min ethanol extracts of 3309 roots in paired extract bioassays, and 4) 30-min ethanol extracts of 3309 versus other roots in paired extract bioassays used the Complete Randomized Block Design two-way analysis of variance (ANOVA) (Kutner et al. 2005) . The number of larval observations in quadrants containing each Þlter paper disc was converted to a proportion of total observations, and these were used in the analyses. The two way ANOVA model assumptions, normality and constant variance for the error, were investigated. No violations of these assumptions were detected and data transformations were not required.
For further insight into the response of larvae to each root extract, the percentage of observations of larvae in contact with the treated disc (i.e., on or under the disc) was calculated for each replicate of single extract bioassays, based on the frequency of observations in the quadrant containing the treated disc. Arcsine square-root transformed percentages of larvae in contact with treated discs were used in two-way ANOVA and TukeyÕs multiple comparisons tests. All statistical comparisons were considered signiÞcant at ␣ ϭ 0.05.
Results
Larval Response to Ethanol and Hexane Root Extracts in Single Extract Bioassays. The solvent in which root extracts were made signiÞcantly inßuenced the distribution of larval observations for 3309 ( 2 ϭ 9.7124; df ϭ 2; P ϭ 0.008), V. cordifolia ( 2 ϭ 7.0686; df ϭ 2; P ϭ 0.029) and Virginia creeper ( 2 ϭ 15.2273; df ϭ 2; P ϭ 0.0005), but not apple ( 2 ϭ 2.3475; df ϭ 2; P ϭ 0.309) (Fig. 1AÐD) . This appeared to be because of a greater response to discs treated with the ethanol extract from some of the Vitaceae roots, and to 3309 in particular.
Larval Response to Ethanol Extracts of 3309 Roots from Different Vineyards in Single Extract Bioassays.
There was not a signiÞcant effect of the vineyard from which 3309 roots were collected on the distribution of larval observations in single extract bioassays by using a 30-min ethanol extract of roots from each vineyard ( 2 ϭ 8.3873; df ϭ 4; P ϭ 0.078) (Fig. 2) , with most larvae recorded in the quadrant containing the root extract. Fig. 1 . Response of grape root borer neonates to ethanol and hexane extracts of roots from Vitaceae species and rootstocks, and apple, in single extract bioassays. Extract-and solvent-treated Þlter paper discs were presented in opposing quadrants and the blank category combines counts of larvae from the two quadrants that did not contain a disc.
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Extract Bioassays.
Comparisons of the response to ethanol treated versus untreated discs showed a signiÞcant effect of quadrant (F ϭ 5.44; df ϭ 1,19; P ϭ 0.031) on the proportion of larval observations; a greater proportion of observations were recorded in the quadrant with the ethanol treated disc (0.372 Ϯ 0.034 SE) than with the untreated disc (0.247 Ϯ 0.025 SE).
Bioassays of 30-min ethanol extracts of roots revealed that a signiÞcantly greater proportion of larval observations were recorded from the quadrant containing the extract treated disc than from the quadrant containing the solvent treated disc for all of the Vitaceae species and rootstocks evaluated, but not for apple (Table 1) . Pooled data from all root sources revealed that 70.6% and 29.4% of observations of larvae in contact with treated Þlter paper discs (n ϭ 954 observations) were on top of and underneath the discs, respectively. Of the larvae observed in the quadrant containing the extract treated disc, the percentage of those in contact with the disc when the observation was recorded differed signiÞcantly among the extracts (F ϭ 6.69; df ϭ 7,112; P Ͻ 0.0001) (Fig. 3) .
Larval Response to Ethanol Extracts in Paired Extract Bioassays. There was not a signiÞcant effect of root extraction duration on the proportion of larval observations in quadrants containing discs treated with 3309 roots that had been immersed in ethanol for 30-or 60-min (Table 2) . Similarly, the proportion of larval observations did not differ signiÞcantly between quadrants containing a disc treated with a 30-min ethanol extract of 3309 roots or a 30-min ethanol extract of V. cordifolia, V. aestivalis, or 101Ð14 roots. The response to the 3309 extract was signiÞcantly greater than to Virginia creeper, whereas a signiÞcantly greater proportion of larval observations were recorded from quadrants containing a disc treated with V. riparia ÔGloireÕ or 420 A extract than to those containing the 3309 extract.
Discussion
Instantaneous observations at regular intervals of the location of naṏve grape root borer neonates moving freely within circular petri dish bioassays were used to measure and compare their response to extracts of roots from known and potential Vitaceae hosts and a nonhost. Larvae were more frequently observed in quadrants containing Þlter paper discs treated with ethanol-than with hexane-based root extracts, suggesting that behaviorally-active, polar compounds were eluted from the tissue. There were indications of some level of larval response to dry discs that had been treated with ethanol alone versus un- Fig. 2 . Response of grape root borer neonates to ethanol extracts of roots from the 3309 rootstock, collected from three vineyards in northern Virginia, in single extract bioassays. Extract-and ethanol-treated Þlter paper discs were presented in opposing quadrants and the blank category combines counts of larvae from the two quadrants that did not contain a disc. Fig. 3 . The percentage of observations of neonate grape root borer neonates in contact with Þlter paper discs treated with ethanol extracts from Vitaceae species and rootstocks, and apple, in single extract bioassays. Percentages based on the number of larval observations in quadrants containing the extract-treated disc. treated discs. Jewett and Bjostad (1996) demonstrated attraction of larval western corn rootworm to dichloromethane but not to ethanol or methanol. Given that alcohols are components of plant decomposition and fermentation (Jones and Coaker 1978) , it is plausible that larvae perceived solvent residues. However, the small difference between the mean proportion of observations in quadrants containing ethanol treated (mean ϭ 0.372) and untreated discs (mean ϭ 0.247) and the relatively small magnitude of response to ethanol treated discs did not explain the much larger responses to discs treated with most root extracts. The behaviorally active compounds appeared to be eluted within 30 min; larvae responded equally to 30-and 60-min collections from 3309 roots in paired extract bioassays. Differences in vineyard location and presumed differences in the composition of soil in which the vines were growing did not inßuence larval response to extracts of 3309 roots. Single extract bioassays indicated a behavioral response to all species of Vitaceae and rootstocks evaluated, but not to the root extract from the nonhost, apple. Differences in the magnitude of the response to extracts from different Vitaceae roots were indicated in paired extract assays in which the commercially important 3309 rootstock was used as a standard, revealing examples of significantly weaker, equal, and signiÞcantly stronger larval responses to 3309 than to others.
These experiments have clearly demonstrated the presence of behaviorally relevant semiochemicals associated with grape roots that may be important to interactions between grape root borer larvae and their Vitaceae hosts, but our Þndings certainly raise many more questions. Perhaps most importantly, our protocol did not enable discrimination of the nature of the behavioral response to root compounds. Dry root extracts on Þlter paper discs emanated "earthy" smelling volatiles and extracts from different plants pigmented the disc in colors ranging from dark brown to yellowbrown. Although the closed, still air conditions likely precluded or minimized root volatile concentration gradients, olfactory perception of and attraction to volatile components may yet have occurred. Other such enclosed bioassays have been used to demonstrate the response of larvae of several species to sources of root volatiles (Matsumoto and Thorsteinson 1968 , Sutherland 1972 , Jones and Coaker 1977 , Ryan and Guerin 1982 , Kamm and Buttery 1984 . In addition or alternatively, larvae may have been arrested upon contact with treated Þlter paper via contact chemoreception of compounds that facilitate host recognition or stimulate feeding. Bernklau and Bjostad (2008) used a closed-environment bioassay to measure the feeding response of western corn rootworm larvae, Diabrotica virgifera virgifera LeConte, to extracts of germinating corn seed and roots and extract fractions and demonstrated that larval feeding was elicited by combinations of sugars and epicuticular lipids.
Although CO 2 is a known host attractant for some below ground insects Coaker 1978, Brown and Gange 1990) , the response to the extracts tested in these experiments were undoubtedly to other primary metabolites or secondary metabolites and it remains to be determined whether grape root borer larvae also respond to CO 2 . Regardless, choice experiments with other species have shown a greater larval response to a combination of root volatile extracts and CO 2 than to CO 2 alone (Sutherland 1972 , Hibbard and Bjostad 1988 , Hibbard et al. 1994 .
The presence of Þlter paper discs, whether treated with root extract or not, often appeared to inßuence the location of larvae. Given the immediacy of their need to Þnd food and likely for protection against predators on the soil surface, newly hatched grape root borer larvae quickly burrow into soil (Brooks 1907) . They are presumably positively geotactic and likely strongly thigmotactic and the texture of the discs likely provided tactile cues that were otherwise absent.
Differences in the response to the different root extracts evaluated raise important questions about their chemical composition. Were compounds missing from apple roots that were present in roots from Vitaceae species and if so, which of those compounds were responsible for eliciting the response measured? Do the chemical proÞles of extracts from different species of Vitaceae differ? Was the greater response to 420 A and V. riparia ÔGloireÕ extracts than to 3309 extracts in paired extract bioassays because of differences in the compounds, their concentration, or both? Answers to these questions pertain directly to future efforts to elucidate the role of grape root constituents in mediating the interactions between grape root borer larvae their hosts and to evaluations of potential Ryan 1984, Nottingham et al. 1989a) . Perhaps most relevant to the current study, research after the accidental introduction of grape phylloxera from eastern North America to Europe revealed differences among Vitis species native to different parts of the world (Wapshere and Helm 1987) in their resistance, tolerance or susceptibility to the pest and its feeding symptoms. In eastern North America, where grape phylloxera coevolved with Vitis, most species show resistance or tolerance, whereas in western North America, Asia, Europe, and the Middle East, most are susceptible. Du et al. (2009) showed superior establishment and increased rates of development and reproduction of grape phylloxera on roots of the cultivar ÔKyohoÕ versus the rootstocks Ô5BBÕ and Ô140RuÕ. They also reported that the proÞle of volatile compounds extracted from the three root sources showed differences and similarities, although there was not an attempt to relate these to differences in relative susceptibility to the pest.
The signiÞcantly greater response of grape root borer neonates to some root extracts in paired extract bioassays suggests that further examination of the relationship between root chemistry and host preference is warranted, particularly because Þeld studies have yielded indications that some native and cultivated Vitis species are less suitable hosts for grape root borer than others. Webb and Mortensen (1990) reported that most of the bunch grape rootstocks having the Florida leatherleaf grape, V. shuttleworthii House, in their parentage showed signiÞcantly less root injury from grape root borer than the susceptible ÔTampaÕ rootstock in potted vines studies. During a study of the abundance and distribution of grape root borer among commercial vineyards in northern Virginia, Rijal and Bergh (unpublished data) documented a pronounced difference in the infestation status of adjacent blocks of different cultivars in one vineyard. Based on weekly collections of grape root borer pupal exuviae from the soil surface around the same sets of vines throughout the 2009 growing season, a block of own-rooted V. aestivalis (cultivar ÔNortonÕ) was found to be very lightly infested compared with severely infested blocks of ÔChardonnayÕ on 3309 roots and own-rooted ÔVidalÕ that were on two sides and within 10 m of the ÔNortonÕ planting. The underlying source of this extreme variation is unknown but was not likely because of differences in soil type among the blocks, which was predominantly Dyke loam. Hypothetically, differences in the infestation status among the blocks may have been because of differences in the response of adult females or to differential establishment or survival of larvae on roots of the different vines. The similar response of grape root borer neonates to root extracts from V. aestivalis and 3309 in single extract (Table 1 ) and paired extract (Table 2 ) bioassays does not provide further insight into our vineyard data, but these Þeld and laboratory observations do raise important questions for further research into the relative suitability of native and non-native Vitis species and potential sources of resistance and resistance mechanisms to grape root borer. Bernklau et al. (2004) showed that external sources of CO 2 incorporated into soil can be used to disrupt the Þnding of corn roots by western corn rootworm larvae. Subsequently, Bernklau and Bjostad (2005) demonstrated that combining an insecticide with concentrated extract of germinating corn seed containing rootworm feeding stimulants improved insecticide efÞcacy against larvae. Soni and Finch (1979) suggested that the sulfur-bearing compounds that elicit attraction of onion maggot, Delia antiqua (Meigan), larvae to onion might be used in a behavioral manipulation approach to protect onion seedlings. Differences in the response of grape root borer neonates to the grape root extracts evaluated suggest intriguing opportunities to explore similar tactics against grape root borer.
Results of the experiments reported here provide numerous clues toward further efforts to clarify the plant-insect interactions between grape root borer larvae and Vitis, but much remains to be accomplished before their response to grape roots can be adequately interpreted from basic or applied perspectives. As has been used with other species (Sutherland 1972; Ryan and Guerin 1982; Bernklau et al. 2009 ), bioassay approaches that yield detailed measurements of the response of individual larvae to root extract treatments would provide valuable insight into whether attraction and/or arrestment responses are elicited. Larval response to root volatiles should be assessed and the chemical proÞle of root surface compounds from selected host plants should be characterized and compared in concert with assays of fractionated root compound collections. Differences in the relative response to root extracts among species and rootstocks demonstrated by the current study could provide guidance in the selection of relevant root sources for such comparisons. Ultimately, larval response to grape roots and root compounds will need to be assessed in bioassays that provide the insects with cues and conditions that reßect their "relevant biology" (Eigenbrode and Espelie 1995). Although certain experimental approaches may be more easily accomplished with species that feed on the roots of fast-growing, annual plants, measuring the behavioral response of soildwelling larvae to the roots of perennial plants presents challenging opportunities for novel and relevant research.
